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Objective
The authors determined the endothelial arginine transport mechanism and the potential role of a
tumor necrosis factor (TNF)-a-mediated signal transduction pathway involving protein kinase C
(PKC) in regulating this transport in cultured endothelial cells.

Summary Background Data
The vascular endothelium metabolizes arginine to generate nitric oxide (NO), and an increase in
NO production can be stimulated by several cytokines. The mechanism(s) responsible for the
accelerated arginine transport are poorly understood.

Methods
Arginine transport was assayed in confluent human umbilical vein endothelial cells in the presence
of TNF ± the PKC inhibitor chelerythrine chloride.

Results
Carrier-mediated arginine transport was accomplished by two Na+-independent transporters,
System y+ (80% of total transport) and System b° + (20% of transport). Tumor necrosis factor
(0.1-2 ng/mL) increased System y+-mediated arginine transport in a time- and dose-dependent
manner by augmenting System y+ transport maximal capacity (control Vmax = 1325 ± 60 pmol/
mg protein/minute vs. TNF Vmax = 3015 ± 1 0 pmol/mg protein/minute, p < 0.01) without
affecting transporter affinity (control Km = 30 ± 1.4 ,uM vs. 34 ± 1.3 ,uM arginine, p = NS).
Stimulation was maximal at the 8-hour time point and was inhibited by both actinomycin D and
cycloheximide. In addition, inhibition of PKC with chelerythrine abrogated the TNF-augmented
arginine transport. Similarly, incubation of cells with the direct PKC activator TPA (phorbol ester
1 2-myristate 13-acetate) stimulated System y+-mediated arginine transport nearly fivefold,
secondary to an increase in transporter Vmax (TPA Vmax = 5349 ± 310 pmol/mg protein/minute, p
< 0.001 vs. control), with no change in Km. This TPA-induced stimulation of arginine transport
also was blocked by chelerythrine Cl, actinomycin D, and cycloheximide. Incubation of TNF-
stimulated cells with two NO synthase inhibitors did not reduce transport activity, suggesting that
the arginine transporter and the NO synthase enzyme may, in part, be independently regulated.
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Tumor necrosis factor and TPA only slightly increased System b° +-mediated arginine transport.
Treatment of cells with dcAMP (dibutyryl cyclic adenosine monophosphate, a protein kinase A
activator) did not alter arginine transport activity, indicating that PKA activation was not required
for the response to occur.

Conclusions
These data indicate that TNF stimulates arginine transport in human umbilical vein endothelial cells
via a process that requires activation of the intracellular messenger PKC, which in turn signals de
novo protein synthesis, possibly of the y+ arginine transporter protein itself.

L-arginine is the exclusive precursor for the biosynthe-
sis of nitric oxide (NO), a short-lived molecule that plays
a crucial role in maintaining vascular tone. '-4 It has been
suggested that enhanced NO production by the endothe-
lium may be dependent on accelerated uptake of circu-
lating arginine under certain circumstances.",2'5 Al-
though endothelial cells were the first cell type identified
to produce NO, little is known about the factors that reg-

ulate arginine transport across the endothelial cell mem-
brane. Although it is known that endotoxin6'7 and cer-

tain cytokines' can stimulate endothelial cell expression
of the NO synthase gene, less information regarding cy-

tokine control of arginine transport is available. Lind
and associates9 demonstrated that both tumor necrosis
factor (TNF) and interleukin- stimulated arginine
transport by the porcine pulmonary artery endothelium,
but these events have not been studied in human endo-
thelial cells. Moreover, the specific signal transduction
pathways involved in cytokine-mediated increases in en-

dothelial arginine transport require further elucidation.
For complex organisms to develop and differentiate,

cells must respond to extracellular signals with a specific
set of mechanisms that regulate gene expression. Be-
tween the extracellular signal (hormone, cytokine,
growth factor, etc.) and the gene (the protein the gene

encodes is the final product), a system of diverse cellular
components has been assembled that guarantee specific
pathways of signal transduction (Fig. 1). Within the cell
are specific proteins (targets) that play a central role in
controlling this response. Among these targets is a family
of closely related enzymes collectively called protein ki-
nase C (PKC), which plays a crucial role in regulating
cellular proliferation, differentiation, and function.'°'"
There are at least nine PKC iso-enzymes that exist in
different organs and determine tissue biological re-
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sponses when PKC is activated.'2 Naturally occurring
PKC activators that are found in all cells include diacyl-
glycerol, calcium, and certain phospholipid derivatives.
Synthetic derivatives known as phorbol esters (e.g., phor-
bol ester 1 2-myristate 13-acetate [TPA]) directly activate
PKC by acting at the diacylglycerol binding site'3 and
have been used experimentally to study the regulation of
PKC.

Because of the potential link between arginine
transport and NO production and because recent studies
have demonstrated that PKC activation can modulate
amino acid transport, the current experiments were un-
dertaken. In the current studies, the endothelial arginine
transport mechanism and the potential role of a TNF-
mediated signal transduction pathway involving PKC in
regulating this transport were investigated in cultured
human umbilical vein endothelial cells. Our data indi-
cate that TNF stimulates arginine transport in human
umbilical vein endothelium via a process that requires
activation of the intracellular messenger PKC, which in
turn signals de novo protein synthesis, possibly of the y+
arginine transporter protein itself.

MATERIALS AND METHODS

Reagents

Human umbilical venous endothelial cells (HU-
VECs), trypsin neutralizing solution, HEPES-buffered
saline solution, trypsin/ethylenediaminetetraacetic acid,
and endothelial cell growth medium were purchased
from Clonetics Corporation, San Diego, California. Tu-
mor necrosis factor-a was obtained from Quality Con-
trolled Biochemicals. Inc., Hopkinton, Massachusetts.
Chelerythrine chloride was obtained from LC Labora-
tories, Woburn, Massachusetts. Phorbol ester 12-myri-
state 13-acetate (TPA), cycloheximide, actinomycin D,
dibutyryl cyclic adenosine monophosphate (dcAMP), N
w-nitro-L-arginine (L-NA), N w-nitro-L-arginine methyl
ester (L-NAME), and all other reagents were obtained
from Sigma Chemical Inc., St. Louis, Missouri. Cell cul-
ture flasks were purchased from Corning Co., Corning,
New York. Twenty-four-well cell culture dishes were ob-
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Figure 1. Simplified schema of the signal transduction pathway. Extra-
cellular ligands bind to their receptors to stimulate the production of sec-

ond messengers, which activate a target cascade leading to gene tran-
scription. In many cases, PKC is the first target. Gene transcription leads to
a functional change, generally from the enhanced expression of protein(s).

tained from Becton and Dickinson Co, Lincoln Park,
New Jersey.

Preparation of Human Umbilical Vein Cell
Cultures

Cryopreserved primary (1 C) HUVECs were thawed
at 37 C in a water bath. The cells were immediately trans-
ferred into growth medium which had been equilibrated
in a 5% C02/95% air humidified incubator for 30 min-
utes. Human umbilical venous endothelial cells were

seeded on 75 cm2-culture flasks at a density of2500 cells/
cm2 and grown under similar conditions. The culture
medium was changed the next day, then every other day
thereafter. When cell confluence exceeded 60%, medium
was increased from 1 mL/5 cm2 to 2 mL/5 cm2.

Passage of Cells

Culture medium was aseptically removed from HU-
VEC monolayers (approximately 80% confluent) and 10

mL of trypsin/ethylenediaminetetraacetic acid solution
was then added to cover the cells. Trypsinization lasted
for 3 to 4 minutes, until approximately 50% of the cells
were detached. Gentle shaking facilitated the release of
cells from culture surface. Cells were transferred to a ster-
ile centrifuge tube containing 10 mL of trypsin-neutral-
izing solution and were centrifuged at 220 X g for 5 min-

utes to form a pellet. The supernatant was discarded and
the cell pellet was resuspended in 10 mL of growth me-
dium. Human umbilical venous endothelial cells (2nd-
5th passage) were plated in 24-well dishes and were al-
lowed to grow to confluence (-7 days) before transport
experiments.

Cell Treatments
Twenty-four hours after reaching confluence, cells

were treated with TNF-a (0-2 ng/mL), TPA (0-1 ,uM),
or dcAMP (1 AM) for various periods of time (0-24
hours). Cells also were incubated with cycloheximide (20
,uM), actinomycin D (1 ,uM), chelerythrine chloride (6.5
,uM), L-NA (100 gM), or L-NAME (100 ,uM) before
transport experiments were undertaken.

3H-Arginine Transport Assay
3H-arginine transport uptake measurements were

done as described previously.'4 Transport activity was
measured in either choline chloride Krebs-Ringer Buffer
(KRP) or NaCl-KRP (choline Cl or NaCl 119 mM, KCI
5.9 mM, MgSO4-7H20 1.2 mM, KHCO3 1.2 mM, glu-
cose 5.6 mM, CaCl2-2H20 0.5 mM, and choline phos-
phate 25 mM). Transport was initiated by adding 0.25
mL of 37 C choline-KRP or Na-KRP containing 3H-ar-
ginine at various concentrations (1 ,M-10 mM accord-
ing to experiments) to HUVEC monolayers and incubat-
ing for 30 seconds in the 37 C water bath. Transport was
terminated by discarding the uptake buffer and rinsing
the cells with ice-cold buffer three times. The cells were
allowed to dry and were solubilized in 200 Al 0.2 N
NaOH/0.2% sodium dodecyl sulfate solution.

Liquid scintillation spectrometry was used to measure the
radioactivity in cell suspensions and uptake mixes. Protein
content was determined by bicinchoninic acid protein
method.'5 Na+-independent transport was determined by
subtracting the nonsaturable portion of the arginine uptake
in choline-KRP from total uptake. System y+ arginine
transport was defined as the Na+-independent transport of
arginine in the presence of 10 mM L-leucine in the uptake
buffer. The leucine-inhibitable portion of carrier-mediated
Nat-independent uptake was defined as System b0'+.9
Transport velocities were expressed in picomoles per milli-
gram of protein per minute. Data (mean ± SD) were ana-
lyzed with Student's t test or one way analysis ofvariance. A
p level < 0.05 was considered statistically significant.

RESULTS
Arginine Transport Characteristics

Arginine uptake by HUVECs, measured in both cho-
line-KRP and Na-KRP buffers, was linear for at least 1
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Figure 2. Amino acid inhibition pro-
file of Na+-independent arginine
transport. Arginine (50 MM) uptake
was measured in confluent HUVECs
with 1 0-mM individual amino acids in
choline-KRP uptake buffer. Transport
velocity units are pmol/mg protein/
minute. Transport values are means
+ SD (n = 6). *p < 0.01 vs. control.
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minute. Therefore, a 30-second uptake time was chosen
for subsequent experiments to ensure uptake linearity.
At [arginine] = 50 ztM, Na+-independent arginine up-

take accounted for 75% of total arginine uptake (the
Na+-dependent component was only 25% of total up-

take). The addition of leucine (10 mM) to the uptake
buffer blocked 15% to 20% of total Na+-independent ar-

ginine uptake, indicating a minor contribution of Sys-

Figure 3. Effect of TNF on System
y+-mediated arginine transport. Argi-
nine transport was measured after
cells had been incubated with TNF (1
ng/mL) for various periods of time (0-
24 hours). Inset: dose response of
TNF stimulation of arginine transport.
Cells were incubated with TNF (0-2
ng/mL) for 8 hours before measure-

ments were made. Transport values
are means ±SD (n = 6). *p < 0.01 vs.

control.
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tem b0o+.9"16 The majority of arginine uptake, not leu-
cine-inhibitable, had an amino acid inhibition profile
consistent with the well-known cationic amino acid
transport System y+ (Fig. 2)."718 Given these initial ob-
servations, all subsequent transport studies were done in
the presence of excess leucine to block any contribution
of System bo'+ and in the absence of sodium ion to focus
on System y+.
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Figure 4. Effects of actinomycin D
(Act D), cycloheximide (CHX), and
chelerythrine chloride (CHE) on TNF
stimulation of System y+-mediated
arginine transport. HUVECs were in-
cubated with TNF (1 ng/ml) ± Act D
(1 WM), CHX (20 ,M), or CHE (6.5
AM) for 8 hours before measure-
ments were made. Transport values
are means ± SD (n = 6). *p < 0.01
vs. control.
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Effect of TNF on Arginine Transport

We next investigated the effect ofTNF (1 ng/mL) on ar-
ginine transport. Over a 5-minute to 24-hour incubation pe-
riod, TNF stimulated System y+ arginine uptake in a dose-
and time-dependent manner (Fig. 3). The response was first
observed at 2 hours, and lasted for 24 hours. A slightly

greater than twofold increase in y+-mediated arginine up-
take was observed in TNF-treated cells at the 8-hour time
point. Higher TNF concentration (1-2 ng/mL, Fig. 3 inset)
resulted in an enhanced stimulatory effect.
The TNF-induced increase in arginine transport activ-

ity was abrogated by both actinomycin D and cyclohexi-
mide (Fig. 4), indicating a requirement for DNA tran-

Figure 5. Effect of TNF on System y+
arginine transport kinetics. Eadie-
Hofstee linear transformation of the
transport data (n = 6) is accomplished
when arginine transport velocity is de-
termined as a function of velocity/argi-
nine concentration. TNF increased ar-
ginine transporter maximal capacity
Vmax (y-intercept) without affecting
the apparent transporter affinity Km
(negative slope of each line). See text
for actual kinetic values.
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Figure 6. Effect of phorbol 12-myri-
state 13-acetate (TPA) on arginine
transport. System y+ arginine transport
was measured after HUVECs had
been incubated with TPA (0.5 uM) for
0-24 hours. Inset: dose response of
TPA stimulation of arginine transport.
Cells were incubated with TPA (0-1
,uM) for 8 hours before measurements
were made. Transport values are
means ± SD (n = 6). *p < 0.01 vs.
control.
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scription and de novo protein synthesis. Arginine (1 ,uM-
mM) transport kinetics (Vmax, maximal transport ve-

locity and Km, transporter affinity) were then deter-
mined in control and TNF-treated cells (Fig. 5). Tumor
necrosis factor-augmented transporter maximal capacity
(control Vmax = 1325 ± 60 pmol/mg protein/minute vs.

Tumor necrosis factor Vmax = 3015 ± 10 pmol/mg pro-

tein/minute, p < 0.01 ) without affecting the transporter
affinity (control Km = 30 ± 1.4 vs. TNF Km = 34 ± 1.3
,uM arginine, p = NS). These kinetic characteristics are

consistent with an increase of functional transporter
units rather than modification of existing transporter
affinity for its substrate arginine. In light of these kinetic
data, the newly synthesized protein may be the System
y+ carrier itself. The specific PKC inhibitor chelerythrine
chloride also blocked the TNF-mediated increase in ar-

ginine transport (Fig. 4) without affecting baseline
transport activity, indicating that PKC was involved in
this TNF-induced response.

Effect of TPA on Arginine Transport

To further test the hypothesis that PKC activation was
required for TNF to augment System y+ activity, we in-
vestigated effects of the direct PKC activator TPA on ar-

ginine transport in HUVECs. Like TNF, TPA stimu-
lated arginine transport in a dose- and time-dependent
fashion (Fig. 6). TPA required 2 to 4 hours to increase
System y+ activity and reached peak stimulation at 13

hours, at which time a threefold increase in transport ac-

tivity was noted. This TPA stimulation also was abro-
gated by both actinomycin D and cycloheximide (Fig.
7). Kinetically, TPA increased the System y+ transporter
maximal capacity (Fig. 8) fourfold (control Vmax = 1325
± 60 pmol/mg protein/minute vs. TPA Vmax = 5349 +

310 pmol/mg protein/minute, p < 0.001) without
affecting transporter affinity (control Km = 32 ± 1.4 ,uM
vs. TPA Km = 32 ± 1.5 ,uM arginine, p = NS). As afore-
mentioned, these kinetic characteristics are consistent
with an increase in functional transporter units rather
than a modification of the existing transporter affinity.
Chelerythrine chloride also blocked the TPA-induced in-
crease in arginine transport (Fig. 7) without affecting
baseline transport activity. These data further indicate
that PKC activation was involved in this response.

Effect of Protein Kinase A Activation on
Arginine Transport Activity

To test for a role for the intracellular messenger pro-
tein kinase A (PKA) in regulating the TNF-mediated en-

hancement ofSystem y+ activity, we incubated cells with
dcAMP for various periods oftime (0-24 hours). dcAMP
did not alter arginine transport, indicating that PKA ac-

tivation was not part of the signal transduction pathway
that resulted in a functional change in arginine transport
(Fig. 9).
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Figure 7. Effects of actinomycin D
(Act D), cycloheximide (CHX), and
chelerythrine chloride (CHE) on TPA
stimulation of System y+-mediated
arginine transport. Human umbilical
venous endothelial cells were incu-
bated with TPA (0.5 AM) ± Act D (1
,uM), CHX (20 AM), or CHE (6.5 ,uM)
for 8 hours before measurements
were made. Transport values are
means ± SD (n = 6). *p < 0.01 vs.
control.
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Effect of NO Synthase Inhibitors on
Arginine Transport

The effects ofthe NOS inhibitors L-NA and L-NAME
on arginine transport activity were also investigated
(Fig. 10). Human umbilical vein endothelial cells were
incubated with TNF or TPA, with or without L-NA or
L-NAME, for 8 hours before uptake measurements were
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made. Neither compound significantly altered arginine
transport in control and treated cells.

DISCUSSION

In this study, we characterized arginine transport by
human umbilical vein endothelial cells, investigated the

Figure 8. Effect of TPA on Sys-
tem y+ arginine transport kinetics.
Eadie-Hofstee linear transforma-
tion of the transport data is shown
(n = 6). TPA increased arginine
transporter maximal capacity Vmax
(y-intercept) without affecting the
apparent transporter affinity Km
(negative slope of each line). See
text for actual kinetic values.
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Figure 9. Effect of dibutyryl cyclic
adenosine monophosphate (dcAMP,
1 MM) on System y+-mediated arginine
transport. Transport values are means
+ SD (n = 6).
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effects ofTNF on this transport activity, and studied the
potential requirement of PKC activation in the TNF-
mediated signal transduction pathway that led to an in-
crease in arginine transport activity. Our impetus for
studying these responses was stimulated by the central
role that arginine occupies in endothelial cell nitrogen
metabolism and by our interest in the mechanism by
which cytokines modulate transport in different tissues.

TPA + L-NAME

TPA + L-NA

Figure 10. Effects of NOS inhibitors
L-NA and L-NAME on System y+-me-
diated arginine transport. Human um-

bilical venous endothelial cells were in-
cubated with TPA (0.5 AM) or TNF (1
ng/mL) ± L-NA (100 AM) or L-NAME
(100 MM) for 8 hours before measure-

ments were made. Transport values
are means ± SD (n = 6). *p < 0.05,
**p < 0.01 vs. control.

TPA

TNF + L-NAME

TNF + L-NA

TNF

L-NAME

L-NA

Control

Clearly, the control of the signal transduction pathway
initiated by TNF binding to its extracellular receptor,
which results in accelerated arginine transport, is a com-
plex one, and the current studies have attempted to ad-
dress only one of the mechanisms involved.
The vascular endothelium plays a key role in regulat-

ing vascular tone, and recent studies have demonstrated
that this is accomplished partially through the elabora-
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Figure 11. Putative regulation of argi-
nine and glutamine transport in HU-
VECs. Activation of PKC iso-enzymes
by TNF or TPA stimulates transmem-
brane arginine transport by enhancing
de novo synthesis of the System y+ ar-
ginine transporter protein. Simulta-
neously, glutamine transport (System
ASC) is inhibited secondary to the syn-
thesis of an inhibitory protein that dimin-
ishes ASC activity. A portion of the
transported arginine is metabolized to
NO and citrulline by nitric oxide synthe-
tase (NOS), a process that is stimulated
by TNF. Intracellular citrulline can be
converted back to arginine by arginino-
succinate synthetase, an enzyme inhib-
ited by intracellular glutamine. The com-
bination of increased arginine uptake
concurrent with a decreased glutamine
transport, mediated by PKC activation,
may be one mechanism by which the
endothelial cell controls NO production.

tion of the short-lived bioregulatory molecule NO.",2 In
physiologic states, NO acts as endothelium-derived re-
laxing factor, regulating cardiovascular tone and blood
flow in response to receptor stimulation. In pathologic
states, NO mediates tumoricidal and microbicidal cyto-
toxicity and has been shown to be the mediator of hypo-
tension in septic shock.2"19-2' Nitric oxide is generated
from the terminal guanidino nitrogen atom(s) of L-argi-
nine, a process catalyzed by nitric oxide synthase
(NOS).22 The other product of this reaction is citrulline,
which can be reconverted to arginine in the cytoplasm.23
Two forms of NOS have been described, a constitutive
NOS (cNOS), which is a calmodulin/Ca2+-dependent
enzyme, and an inducible NOS (iNOS), which is a cal-
modulin/Ca2+-independent enzyme. cNOS is a rapidly
responding enzyme that synthesizes short-lasting NO
(picomole amounts) in response to physiologic stimuli
and acts as endothelium-derived relaxing factor through
guanylate cyclase to regulate vascular tone." 2 On the
other hand, iNOS responds more slowly and is activated
by LPS, endotoxin, and cytokines to producing long-last-
ing amounts ofNO (nanomole quantities). The activa-
tion of inducible NOS is associated with a lag time of
several hours and requires de novo protein synthesis. '

Cytokines mediate many ofthe pathologic events dur-
ing septic shock, and it has been suggested that the hypo-
tension resistant to treatment with vasopressors may be
mediated by an excessive production of NO, catalyzed
by the inducible vascular NOS, possibly through cyto-
kines.2'24'25 Because both cNOS and iNOS require free
L-arginine to synthesize NO, the availability of extracel-
lular arginine and the transport mechanisms that move

extracellular arginine into cells may be key pathways in
regulating NO production.
Plasma membrane amino acid transport is a com-

plex process that involves specific membrane-bound
transport proteins. In general, each transport system re-
lates to a group of homogeneous transporter proteins
that reside in and span the cell membrane and serve to
translocate a group of structurally related amino acids
into the cytoplasm. Transport can be broadly classified
into Na+-dependent and Na+-independent processes. In
the case ofNa+-independent transport processes, sodium
is not an essential cotransporter ion. The cluster tray
method of measuring amino acid transport in cultured
cells in vitro is advantageous because it avoids the in vivo
complexities of cell-cell interactions and changes in the
microcirculation that may alter transport. The current
studies revealed that carrier-mediated arginine uptake by
HUVECs is mediated by two Na+-independent trans-
porters, System y+ (80% of Na+-independent transport)
and System bo'+ (20% ofNa+-independent uptake). Only
a minor Na+-dependent component was identified. Sys-
tem y+ has an exclusive preference for the cationic amino
acids arginine, lysine, and ornithine.'7"18 System bo'+ is a
less selective system that transports dipolar amino acids,
such as alanine and leucine, as well as the cationic amino
acids.22 Under normal conditions, there is ample argi-
nine to drive arginine-dependent metabolic pathways;
however, during conditions of arginine deprivation and
increased arginine requirements (i.e., sepsis), the endo-
thelial cell may adapt by increasing membrane transport
activity to support intracellular arginine metabolism.
Treatment of HUVECs with TNF stimulated System
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y+-mediated arginine transport activity in a time- and
dose-dependent manner. In contrast, only minimal en-
hancement of System bo'+-mediated arginine transport
was observed (data not shown). This latter transporter is
a low affinity carrier that contributes little to total uptake
at physiologic arginine concentrations. At least 2 hours
were required for TNF to exert its stimulatory effect,
which is consistent with the time lag required for TNF to
activate iNOS. The augmented System y+ arginine
transport activity required DNA transcription and de
novo protein synthesis and was the result of an increase
in transporter Vmax. These results are consistent with de
novo synthesis of the carrier protein itself. Incubation of
stimulated cells with chelerythrine chloride abrogated
the TNF effect, indicating the involvement ofPKC acti-
vation in the TNF-induced response.

Protein kinase C is a family of intracellular enzymes
that control diverse biological functions. 1012 It mediates
signaling pathways through which several inflammatory
mediators exert several oftheir biological properties. 10-12
Consistent with our observations in TNF-treated endo-
thelial cells, direct PKC activation by the phorbol
ester 12-myristate 13-acetate also stimulated arginine
transport. The TPA-stimulated arginine transport re-
quired DNA and protein synthesis and was due to a Vmax
effect. The timing and magnitude of this effect strongly
suggest that TNF and TPA act similarly to up-regulate
arginine transport in HUVECs. In contrast, when cells
were incubated with the PKA activator dcAMP for vari-
ous periods oftime (0-24 hours), arginine transport was
not affected, indicating that PKA was not involved in the
TNF-induced augmentation ofarginine transport.

L-arginine analogues such as N w-monomethyl-L-ar-
ginine (L-NMMA), N w-L-arginine (L-NA), or N w-L-
arginine methyl ester (L-NAME) compete with L-argi-
nine for NOS and are specific NOS inhibitors. Baseline,
LPS-, and cytokine-induced NO production are blocked
by these inhibitors.7'8 In the current study, we investi-
gated effects of L-NA and L-NAME on arginine
transport. Unlike NOS, the TNF or TPA-induced in-
crease in endothelial arginine transport was not blocked
by L-NA or L-NAME. These data suggest that TNF acti-
vation of iNOS and arginine transport may be partially
independent events. Arginine is required for other intra-
cellular reactions, it has been shown to play a central role
in polyamine biosynthesis, and it has both immunomo-
dulatory and secretory functions.9

Activation of PKC in the endothelial cells we studied
does not result in a generalized increase in amino acid
transport. In contrast to arginine, the transport of gluta-
mine is diminished by PKC activation.27 This divergent
regulation of two distinctly different carrier proteins
(System y+ and System ASC) may allow the endothelium
to regulate its production ofNO (Fig. 1 1). Sessa and col-

leagues have shown that intracellular glutamine inhibits
the regeneration of arginine from citrulline by blocking
argininosuccinate synthetase.28 Conceivably, to enhance
NO biosynthesis, PKC activation simultaneously acti-
vates iNOS and stimulates arginine transport, facilitating
extracellular arginine transport across cellular mem-
brane into cells to provide the essential substrate for NO
synthesis; at the same time, intracellular accumulation
of glutamine is inhibited, thereby allowing the regenera-
tion of arginine to occur. The combination of increased
arginine uptake concurrent with a decreased glutamine
transport, mediated by PKC activation, may be one
mechanism by which the endothelial cell controls NO
production.

This study is consistent with TNF-activation of its
membrane receptor and subsequent stimulation of sec-
ond messengers (diacylglycerol, phospholipids, or Ca"),
which activate PKC. In response to TNF, an increase in
System y+ transport activity was observed, presumably
because of activation of the y+ gene with enhanced syn-
thesis of the transport protein. Alternatively, a comodu-
lator protein could have been synthesized that increased
the functional activity of existing membrane bound y+
transporters. In light of the relatively recent cloning of
the arginine transporter,29 molecular studies will confirm
whether there was an increase in transcription of the y+
gene.
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Discussion
DR. MARK A. WILSON (Louisville, Kentucky): President

McDonald, Secretary Copeland, Fellows, and Guests. As many
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of us are aware, nitric oxide has been recognized as a central
mediator of many physiologic and pathophysiologic processes
as evidenced by the myriad publications about this molecule.
However, there is little data and only a handful of studies that
have examined intracellular availability of arginine and its
transport across cell membranes.

Dr. Souba and his coauthors are to be congratulated for this
current elegant study which, I believe, adds significantly to our
understanding of endothelial cell biology as related to the sec-
ond messenger and mechanisms of arginine transport. I have
three questions for the authors.

First, can you tell us whether these responses of the arginine
transporter also occur in other cell types or with other media-
tors and, if so, whether the mechanisms are similar? Secondly,
the importance ofextracellular arginine in the function ofnitric
oxide synthase is controversial, particularly in endothelial cells
and particularly in the case of the constitutive nitric oxide syn-
thase. Several studies by Bogle have demonstrated that hor-
mones such as bradykinin increase the y+ transporter affinity
for arginine and increase the rapidity of arginine within just
seconds after stimulation.
Yet the significance of this finding has been questioned be-

cause intracellular levels ofarginine in endothelial cells are sev-
eral-fold higher than those levels that are necessary for optimal
function of the constitutive enzyme. In light of these studies,
would you please elaborate on the presumed importance ofex-
tracellular arginine for function of both the constitutive and
inducible nitric oxide synthases, both in endothelial cells and
other cell types.

Next, much of your previous research has been focused on
the decrease that occurs in glutamine transport under similar
conditions. Because glutamine can serve as an intracellular
source ofarginine, please speculate about the interrelationships
ofthese two systems.

Finally, are there any prospects for selective antagonists of
arginine transport which might be useful in differentiating the
potentially beneficial effects of constitutive nitric oxide syn-
thase from the potentially detrimental effects oflarger amounts
of nitric oxide produced by the inducible system?

I very much enjoyed the opportunity to review the manu-
script and thank the Association for the privilege ofthe floor.

DR. R. NEAL GARRISON (Louisville, Kentucky): President
McDonald, Secretary Copeland. Dr. Souba asked me to discuss
this paper, and I feel honored to do so, but find it difficult to
follow Dr. Wilson's in-depth discussion.
One aspect that I would like to focus on relates to the endo-

thelial cell and its overall function. The endothelial cell is very
complex. At times, it is an immunologically reactive type of
cell, and the transplant surgeons worry about it. At other times,
it is an antithrombogenic type of cell, which brings comfort to
the hearts of vascular surgeons. And, thirdly, it redistributes
blood flow or regulates-autoregulates blood flow, a process
the trauma surgeons worry about quite often.
These studies utilize umbilical vein endothelial cells; yet

most, if not all, inflammation occurs under a different set of
circumstances. In our in vivo microscopy studies, the most re-
active vessels are the small precapillary microvessels where au-


